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Abstract
Single-layer MoS2 has been shown to excel in many applications like as a catalyst,
supercapacitor, transistor, and biosensor. It has been shown that there is a correlation
between the catalytic activity and the metallic character of the surface. Consequently,
the metallic phase of MoS2 has been shown to surpass the performance of the
semiconducting phase. However, the metallic phase is less energetically favorable
than the semiconducting 2H phase, and it is unstable in air. Recently, it has been
shown that a metallic phase of MoS2 is stable in water. This metallic phase is also
found to be hydrophilic which provides additional advantages in applications as a
supercapacitor or biosensor. We attribute this metallic phase to 1T0 -MoS2 and
investigate the origin of the hydrophilic behavior. Through first-principles
calculations, we found that, with a sulfur vacancy on the surface, dissociative
adsorption of a water molecule is favorable only on the 1T0 surface. The water
dissociation on the surface not only increases the hydrophilicity of the surface, but it
also explains the enhanced stability of 1T0 -MoS2 in water by reducing the energy
difference between the 1T0 and 2H phases.
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1 Introduction
Since the advent of graphene, two-dimensional materials have been widely
studied [1–6]. 2D materials are characterized by weak van der Waals forces between
layers and strong covalent bonds within layers. These materials have a high specific
surface area which makes them advantageous in applications like as a transistor [3, 7,
8], biosensor [5, 9, 10], supercapacitor [11–13], or catalyst [14–17]. Transition metal
dichalcogenides (TMDs) with a formula MX2 , where M is a transition metal (Cr, Mo,
W) and X is a chalcogenide (S, Se, Te, etc.), are one of the most studied 2D material
systems [18–22]. One of the most studied TMDs is molybdenum disulfide (MoS2 ).
MoS2 has many different polytypes, but the most commonly researched
phases are the semiconducting, trigonal prismatic (2H) phase [23–25] and the
metallic, octahedral (1T) phase [23, 26–30]. The 1T phase is unstable [26, 31–37], but
the slightly distorted 1T0 phase is energetically preferred [15, 17, 26, 35, 38, 39]. All
three structures are shown in figure 1. Although the 1T0 phase is more stable than the
1T phase, it is still unstable in air and will relax to the 2H phase [40].
The performance of MoS2 in many applications like catalysis is directly related
to the metallic character of the surface [41–44], so the 1T/1T0 phases outperform the
2H phase [15, 45–47]. However, previous efforts to stabilize the metallic phase in air
were both time-consuming and dangerous [13, 29, 48–50], and the resulting structures
had a low purity [47, 50, 51]. Recently, a metallic phase of MoS2 has been shown to be
stable in water and to be hydrophilic [50]. The hydrophilic behavior of the metallic
phase provides more of an advantage in applications such as transistor printing [52],
supercapacitors [13, 53, 54], and catalysis [55, 56] or when electrolyte-electrode
interface is important [57], in general. However, the source of the hydrophilic
behavior in the metallic phase has not previously been studied, nor has the impact of
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( A ) 2H-MoS2

( B ) 1T-MoS2

( C ) 1T0 -MoS2

F IGURE 1: The relaxed structures of the three most common polytypes of
MoS2 : 2H, 1T, and 1T0

the interaction of the MoS2 surface with water on the relative energetic stabilities of
the phases.
In this work, we attribute this metallic phase to 1T0 -MoS2 and use first
principles, density functional theory (DFT) calculations to explore the origin of its
hydrophilicity. We show that the dissociative adsorption of water is only favorable on
the 1T0 surface with a single sulfur vacancy. This selective dissociation increases the
hydrophilic nature of the 1T0 surface, and it explains the stabilization of the 1T0 phase
in water by decreasing the energy difference between the 1T0 and 2H phases.

2

2 Literature Review
2.1

Two-Dimensional Materials
A single layer of graphene was first isolated in 2004 by Geim and Novoselov

using the Scotch tape method [58]. Since then, there has been a huge boom of
research on two-dimensional materials [1–6]. The unique properties of 2D materials
make them appealing for many applications like as a transistor [3, 7, 8], biosensor [5,
9, 10], supercapacitor [11–13], or catalyst [14–17].

2.1.1

General Properties
Two-dimensional materials consist of a single layer of atoms between which

there are strong covalent bonds. When 2D materials are layered, the layers only
interact through weak van der Waals forces, so the layers can be easily pulled apart.
These materials exhibit unique properties as they transition from multiple layers to a
single layer, such as the transition of 2H-MoS2 from an indirect band gap to a direct
band gap [59] or the enhanced thermoelectric efficiency of monolayer Bi2 Te3 due to
suppressed thermal conductivity [60].
2D materials excel in applications such as transistors because they allow
control of channel thickness at the atomic level [3]. They are also desirable for
nanoelectronic devices because complex structures can be fabricated from them
relatively easily [7]. 2D materials are also advantageous for applications as biosensors
and supercapacitors because of their high specific surface areas [9, 11]. Specific types
of 2D materials like transition metal dichalcogenides have also shown superior
performance as catalysts [14–17].
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F IGURE 2: TFET that uses 2H-MoS2 as a channel [7]

2.1.2

Transition Metal Dichalcogenides
Transition metal dichalcogenides (TMDs) are a specific type of 2D material

with the formula MX2 where M is a transition metal and X is a chalcogenide. Many
TMDs are direct-bandgap materials with relatively high mobility values [21]. The
bandgap and carrier type vary depending on the composition and polytype of the
TMD [61], ranging from metallic [20], half-metallic [62], semiconducting [7, 63, 64],
superconducting [65], and charge density wave [66] behavior. One of the most
popular TMDs is molybdenum disulfide (MoS2 ).

2.2

Applications of Mo2
Before diving into the behavior of MoS2 , we would like to consider some of

the many possible applications of MoS2 to illuminate why it is important to consider.

2.2.1

Transistor
Because of its semiconducting behavior, 2H-MoS2 has been examined in many

studies for use in transistors. One such study is by Radisavljevic et. al. [7] where they
used 2H-MoS2 as the channel in a tunneling field effect transistor (TFET) (see fig. 2)
that is a low-power alternative to conventional FETs.
4

F IGURE 3: Integrated circuit that uses 2H-MoS2 as a channel [67]

In a later study, the same group used 2H-MoS2 as the channel in an integrated
circuit shown in figure 3 that was able to perform both inversion (1 to 0) and NOR
(inversion of logical OR) operations [67].

2.2.2

Biomedical Applications
Another possible application for 2H-MoS2 is as a biosensor. Kalantar-zadeh

and Ou wrote a review that gives the current status of 2H-MoS2 -based biosensors
where they describe the properties that make the phase ideal for this application:
“large surface area, tunable energy band diagrams, a comparatively high electron
mobility, photoluminescence, liquid media stability, relatively low toxicity and
intercalatable morphologies" [9].
Lee et. al. also report the integration of 2H-MoS2 into a FET device (shown in
figure 4) that was specially designed for electrically detecting prostate specific
antigen [10]. The 2H phase was particularly useful because of its hydrophobic nature
that made the use of a dielectric layer unnecessary.

5

F IGURE 4: A FET biosensor with antibodies on the surface that uses 2HMoS2 as a channel [10]

2.2.3

Energy Storage
MoS2 also has great potential in energy storage applications like as the anode

of a lithium ion battery (LIB). Hwang et. al. [68] show that MoS2 nanoplates with
disordered layers exhibit a high capacity at 700 mA h g−1 as compared to the capacity
of graphene at 372 mA h g−1 . Chang and Chen [69] demonstrate an even higher
capacity by using a MoS2 /graphene nanosheet composite, giving a capacity up to
1300 mA h g−1 . It is unclear in this paper which phase of MoS2 they are referring to.
They picture the 2H phase, but they discuss fabricating the single layers through Li
intercalation, so they are likely referring to the 1T/1T0 phases.

2.2.4

Catalysis
By far one of the most studied applications for MoS2 is in catalysis, especially

for the hydrogen evolution reaction (HER). There are many studies that show that the
2H phase is active for catalysis [70–72]. However, it has been shown that there is a
correlation between metallic character and catalytic activity [41–44] which suggests
that the 1T/1T0 phases would be better. Many papers support this theory such as one
of the few studies on the 1T0 phase, specifically, done by Gao et. al. [15]. They used
DFT calculations to demonstrate that the increased active sites and electrical
conductivity make 1T0 -MoS2 more advantageous than the 2H phase for HER. Voiry
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et. al. [47, 73] experimentally demonstrate that the 1T0 (1T phase from Li
intercalation) is superior to 2H for HER. Tang and Jiang also wrote a paper that uses
DFT calculations to illustrate the mechanism of HER on the 1T phase surface that
they affirm is more active than the 2H phase [17].

2.3
2.3.1

Behavior of MoS2
Polytypes and Their Relative Stabilities
There are many different polytypes of MoS2 , but the most commonly studied

polytypes are the 2H and 1T phases. This section will go into depth on both of these
polytypes as well as the less-commonly-studied 1T0 phase.

2H
By far the most commonly studied phase of MoS2 is the 2H phase. Typically, if
a paper just refers to MoS2 , they are referring to the 2H phase. The 2H phase is a
semiconductor with the honeycomb-like structure shown in figure 5. Things to note
about this structure that help distinguish it from other phases are the ABA stacking
pattern and the equal Mo-Mo and S-S distances throughout the crystal when looking
at it from the side (top image in figure 5).
This phase is stable under normal conditions [74]. There are many
experimental methods for extracting single layers of the 2H phase from mechanical
methods like microexfoliation (the Scotch tape method) [58] and shear exfoliation [75,
76] to chemical methods like ion intercalation [27, 48, 77]. However, chemical
exfoliation produces the 1T0 phase, so resulting products must be treated to obtain
the 2H phase [78].
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F IGURE 5: The honeycomb-like structure of 2H-MoS2 from the a (top) and
c (bottom) directions

1T
The 1T phase is octahedral with an ABC stacking pattern where the third layer
is a shifted version of the first layer as shown in figure 6. Things to notice about this
phase to help distinguish it from other phases is the relatively straight S-Mo-S lines,
the uniform height of the S atoms, and the centered-hexagon structure, similar to the
2H structure but with an additional S atom in the center.
The 1T phase has gained interest recently because of its metallic character that
makes it advantageous in many applications. As an example, it has been shown that
the metallic edges of the 2H phase are the active sites for catalysis while the basal
plane is catalytically inert [79, 80]. The 2H phase also has poor charge transfer
because of its semiconducting behavior. Conversely, the 1T phase’s metallic behavior
means it has superior conductivity and more active sites for catalysis [27], so it has
been shown to exceed the performance of the 2H phase [73]. However, this phase is
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F IGURE 6: The octahedral structure of 1T-MoS2 from the a (top) and c
(bottom) directions

not stable in air [26, 31–37] and will readily transform to the 2H phase [34, 40] or a
distorted version of 1T called 1T0 [15, 17, 26, 35, 38, 39].
1T0
The 1T0 phase is a distorted version of the octahedral 1T phase with an ABC
stacking pattern where the third layer is a shifted version of the first layer as shown
in figure 7. Things to notice about this phase to help distinguish it from other phases
is the varying heights of the S atoms, the distortion of the centered-hexagon structure,
and the zigzag Mo chains with a gap between adjacent chains.
There is very little research that mentions the 1T0 phase, specifically. In one of
the few papers that do, Gao et. al. [15] use DFT calculations to show that, with a free
0 ) of 0.015 eV and increased conductivity, the 1T0 phase exhibits enhanced
energy (∆GH

catalytic activity when compared with the 2H phase.
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F IGURE 7: The distorted octahedral structure of 1T0 -MoS2 from the a (top)
and c (bottom) directions

There is some research to suggest that Li intercalated MoS2 is actually the 1T0
phase, not the 1T phase [81]. In general, there is some ambiguity in the literature in
distinguishing between these two phases as they both exhibit metallic behavior
experimentally. However, the 1T0 phase is more energetically favorable [15, 17, 26, 35,
38, 39], so it is likely that many papers, especially experimental ones, that refer to the
1T phase are actually referring to the 1T0 phase. Consequently, we can treat the 1T0
phase as having the same advantages in applications while being slightly more
energetically favorable than the 1T phase.

2.3.2

Defects in MoS2
The studies in the last section refer to pristine MoS2 , but there could also be

defects in the surface [82–84]. Zhou et. al. [85] studied intrinsic defects in 2H-MoS2
and found point defects, dislocations, grain boundaries, and edges, as shown in
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F IGURE 8: Defects observed in intrinsic 2H-MoS2 [85]

figure 8. Among the possible vacancy defects, they use DFT calculations to show that
a single sulfur vacancy (VS ) has the lowest formation energy. Studies like the one
from Xie et. al. [86] have also shown that defects in the 2H phase have a metallic
character which leads to enhanced catalytic activity [85].

2.3.3

Phase Transition and Stabilization
There are many studies on the phase transitions of MoS2 . As mentioned in

section 2.3.1, the 1T phase readily relaxes to the 2H phase [34, 40] or the 1T0 phase [15,
17, 26, 35, 38, 39], but more effort must be put into making the transformation go the
other way.
One way to induce phase transition from 2H-MoS2 to 1T-MoS2 is ion
intercalation. The most popular ion to use is Li such as in the study by Voiry et. al.
[47] who use n-butyllithium to prepare the 1T phase or the study by Yan et. al. [87]
who found that Li intercalation not only induces a phase transition, but also a
diamagnetic-to-paramagnetic transition.
Another common ion used for intercalation-induced phase transition is Na,
used in many studies like the one by Wang et. al. [88] who show that there is a critical
Na composition that determines the reversibility of the phase transition. Other
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studies like the one by Zhang et. al [89] used K as the intercalating ion. They show
that ion intercalation can not only induce a structural transition, but also a
superconducting transition.
One study by Enyashin et. al. [31] has theoretically shown that Re
substitutional doping rather than intercalation achieves the charge transfer effects
that are required to stabilize the 1T phase, as the Re atoms serve as electron donors.
This phase transition was experimentally studied in detail by Lin et. al. [90] who
used annular dark-field (ADF) images to show how the 1T phase propagates through
the material (see fig. 9). Enyashin et. al. argue that the 1T phase is unstable because
of the incomplete occupation of the Mo 4dxy,yz,xz orbitals, but an electron-donor
dopant provides the extra electrons needed to stabilize the phase. This suggests that
charge injection could also be a viable option for stabilizing the phase.
Indeed, Gao et. al. [15] have theoretically shown that charge injection lowers
both the energy barrier of the 2H→1T transition and the energy difference between
the 2H and 1T phases. With more than one electron injected per MoS2 unit, the
energy barrier is lowered further than with Na or Li intercalation, and the 1T phase
becomes more energetically favorable than the 2H phase. They also show that there is
no barrier between the 1T and 1T0 phases, so, as the energy of the 1T0 phase is lower,
the 1T→1T0 transition occurs spontaneously. Both results can be seen in figure 10
Just as the partially filled Mo 4d states affect the relative stability of the 2H and
1T phases, Tang and Jiang [91] suggest that those orbitals affect the phases’ affinity
for functional groups. They show that, by varying the coverage percentage of
functional groups, one can invert the phase stability, making 1T the more stable
phase. This result is shown in figure 11.
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F IGURE 9: “Atomic movements during 2H→1T phase transformation in single-layered MoS2
at T 5600 8C. a, Single-layered MoS2 doped with Re substitution dopants (indicated by arrowheads) has the initial 2H phase of a hexagonal lattice structure with a clear hollow center (HC).
b, At t=100 s, two identical intermediate (precursor) phases (denoted α) form with an angle of
60◦ , and consist of three constricted Mo zigzag chains. c, At t=110 s, a triangular shape indicating the 1T phase (≈1.08 nm2 ) appears at the acute corner between the two α-phases. The 1T
phase provides noticeable contrast because of the S atoms at the HC sites. d, At t=220 s, the
area of the transformed 1T phase is enlarged to ≈8.47 nm2 . Three different boundaries (α, β
and γ) are found at the three edges between the 1T and 2H phases. e–h, Simple schematic illustrations of the 2H→1T phase transition corresponding to the ADF images in a–d, respectively"
[90]
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F IGURE 10: “a, Minimum energy pathways of the phase transition from
2H to 1T in different charge states [(number of charges injected per MoS2
unit)] or with ion intercalated. All the energies are relative to the total
energy of 2H-MoS2 in corresponding charge states or with corresponding ion intercalated. b, Spontaneous atom relaxation from 1T to new 1T0
phase" [15]

F IGURE 11: “Energy difference between 1T- and 2H-MoS2 phases (∆E, eV
per MoS2 unit) as a function of the adsorbate coverage (functional groups
are adsorbed on both surfaces of the MoS2 monolayer; coverage is measured by relative occupancy of the S sites). Here ∆E = E(1T) − E(2H) ; positive ∆E (above the dashed line) indicates that 2H phase is more stable,
and negative ∆E (below the dashed line) indicates that 1T phase is more
stable" [91]
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TABLE 1: The adsorption energies of multiple functional groups on the
2H and 1T phases of MoS2 (0.06 per S atom coverage). A negative energy
represents a favorable interaction. [91]

2.3.4

Functional Groups

Ead-2H (eV)

Ead-2H (eV)

-H
-CH3
-CF3
OCH3
NH2

-0.39
-0.15
0.01
-0.08
-0.09

-5.03
-4.85
-4.21
-4.31
-4.65

Covalent Functionalization of MoS2
There are many studies discussing covalent functionalization of MoS2 [92–97].

Divigalpitiya et. al. [98] show that defect/edge sites in 2H-MoS2 have more of an
affinity for functionalization. Since defect/edge sites have been shown to exhibit
metallic character, this study supports recent results showing that the 1T/1T0 phases
accommodate adsorbates much better due to their metallic character.
One of those recent studies is the paper by Tang and Jiang [91] that we
discussed in section 2.3.3. They used DFT calculations find the adsorption energies of
different functional groups on 2H- and 1T-MoS2 . Their results are given in table 1.
Although this paper solely refers to the 1T phase, many papers have shown that
adsorption coverages less than 100% lead to a transition from the 1T phase to the 1T0
phase [15, 17, 38, 39], so they are likely actually referring the a combination of the
1T/1T0 phases depending on the coverage percentage.
Ataca and Ciraci studied the energetics of 16 different adatoms (C, Co, Cr, Fe,
Ge, Mn, Mo, Ni, O, Pt, S, Sc, Si, Ti, V, and W) in defects on the 2H-MoS2 surface and
how they affected the magnetic properties of the material [99]. They considered these
atoms going into vacancies in the surface rather than adsorbing on top of the surface,
but the binding energies they report are still lower than the binding energies reported
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by Tang and Jiang [91]. They also did not consider the same adsorptions on the
1T/1T0 phases which could have had more favorable adsorption.
While there are many studies considering covalent functionalization of the
MoS2 surface, we could not find any that discuss the molecular/dissociative
adsorption of water on the surface and how it affects the hydrophilic behavior of the
material.

2.3.5

Interaction of MoS2 with Water
There are many studies that show that varying hydrophobic/hydrophilic

behavior can provide vastly different behavior in many applications. Specifically, it
has been shown that hydrophilic behavior is advantageous for catalysis [55, 56],
supercapacitors [54, 57, 100, 101], and any application where the electrode-electrolyte
interface is important [54].
However, it has been shown that, with a contact angle of 75.77◦ , 2H-MoS2 is
hydrophobic (see contact angle image in fig. 12) [10]. Many other studies readily
confirm the finding that the 2H phase is hydrophobic [10, 102–104]. Conversely,
Acerce et. al. [13] show that, with a contact angle of 28◦ , the 1T phase is hydrophilic
(see contact angle image in fig. 13). However, no one has investigated the source of
this varying hydrophilic/hydrophobic behavior on the MoS2 surface.
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F IGURE 12: Contact angle measurement showing that 2H-MoS2 is hydrophobic [10]

F IGURE 13: Contact angle measurement showing that 1T-MoS2 is hydrophilic [13]
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3 Methods
3.1

Overview of Density Functional Theory
As with any problem in quantum mechanics, to find properties of a

many-body system, we must first look at solving the many-body Schrödinger
equation
Ĥψ = [ T̂ + V̂ + Û ]ψ

(3.1)

where T is the kinetic energy, V is the external potential (i.e. potential from nuceli),
and U is the interaction energy between the electrons. However, the interaction term
means that this equation cannot be separated into single-electron Shrödinger
equations. There are many methods for solving this equation such as the
Hartree-Fock method [105–107], but they are often computationally very expensive.
Conversely, density functional theory (DFT) is a more computationally cheap, yet still
accurate method for solving the many-body Shrödinger equation.
DFT rests on two main postulates: the Hohenberg-Kohn theorem [108] and the
Kohn-Sham ansatz [109]. The Hohenberg-Kohn theorem says that there is a
one-to-one correspondence between the electron density, ρ(~r ), and the external
potential. In other words, the wavefunction, ψ, is a unique functional of ρ(~r ). The
Kohn-Sham ansatz states that, instead of solving the complex problem considering
interactions between electrons, one can solve a simpler, non-interacting system. As
long as the densities match, the ground-state energies will match. In essence, we can
consider an effective potential, Veff , that does not explicitly depend on
electron-electron interactions.
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Going back to the Shrödinger equation, we can now separate the equations
into
Ĥφi = [ T̂ + V̂eff ]φi

(3.2)

that can be solved for φi which can then be used to calculate the electron density
N

ρ(~r ) =

∑ |φi (~r)|

2

.

(3.3)

i

However, Veff that we used to calculate ρ(~r ) implicitly depends on the interaction
potential
Veff = V (~r ) + Vint [ρ(~r )]

(3.4)

which is a functional of ρ(~r ). For the correct solution, we would expect the “input" ρ
(what is used to calculate Veff ) to equal the “output" ρ (calculated from the solution of
the Schrödinger equation). This criteria is called self-consistency. In order to reach a
self-consistent solution, we must solve this equation iteratively until convergence.

3.2

Additional Approximations
The interaction potential, Vint , used in equation 3.4 can be expanded to

Vint [ρ(~r )] = VHartree [ρ(~r )] + VXC [ρ(~r )]

(3.5)

where VHartree [ρ(~r )] is the Coulomb interaction between electrons and VXC [ρ(~r )] is the
exchange-correlation energy. The exact form of VXC [ρ(~r )] is unknown, but there are
many approximations that can be used such as the local density approximation
(LDA) [110–112]
LDA
VXC
[ρ]

=

Z

eXC (ρ)ρ(~r ) d3 r
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(3.6)

where only the local electron density is considered. In our calculations, however, we
used the generalized gradient approximation (GGA) [113]
GGA
VXC
[ρ] =

Z

eXC (ρ↑ , ρ↓ , ∇ρ↑ , ∇ρ↓ )ρ(~r ) d3 r

(3.7)

that also considers spin and the gradient of the density to account for the density not
being completely homogeneous. This approximation comes in many different forms
that result in different functionals for VXC . Typically GGA’s will depend on fitting
with experimental parameters, but we use the Perdew, Burke, and Ernzerhof (PBE)
functional [113] that only uses fundamental constants as parameters so that our
calculations are truly from “first principles."
Another useful approximation is using a pseudopotential [114] that includes
the affects of the nucleus along with the core electrons so that the many-body
wavefunction only considers valence electrons. However, there are still problems
with this method because the valence electrons contain rapid oscillations near the
core that require a lot of Fourier terms that can be computationally expensive. To help
with this issue, our calculations use the projector augmented wave (PAW) method
[115] that transforms the rapidly-oscillating wavefunctions into smooth
wavefunctions that require fewer Fourier terms and are more computationally cheap.

3.3

Problem Setup and Definitions
The DFT calculations were performed using the Vienna ab initio simulation

package (VASP) [116] including an implicit solvation model [117, 118]. To set up our
specific problem, we generated a 4 × 4 × 1 supercell for the 2H, 1T, and 1T0 phases.
We used this as opposed to a single unit cell to avoid interaction between
neighboring images when we added adsorbates and defects. The resulting coverage
20

( A ) 2H-MoS2

( B ) 1T-MoS2

( C ) 1T0 -MoS2

F IGURE 14: The initial geometry of each of the MoS2 polytypes with a
pristine, clean surface (shown from the a and c directions)

of the adsorbates/defects (only added to one side of the slab) was 6.25% (measured
by number of adsorbates per MoS2 unit) with a separation of ≈ 11Å. We used
periodic boundary conditions and a vacuum space of ≈ 16Åto simulate monolayer
MoS2 . The Brillouin zone was sampled using the Monkhorst-Pack kpoint mesh [119].
The initial geometries for all structures are given in figures 14-19.
The adsorption energy of water on MoS2 is defined as
Ead = ( Etotal − EMoS2 − Efg )/Nfg

(3.8)

where Etotal , EMoS2 , and Efg correspond to the energies of functionalized MoS2 ,
unfunctionalized MoS2 , and the functional group (H2 O, OH, or H), respectively, and
Nfg is the number of functional groups adsorbed, which was always one in our
calculations. A negative value of Ead indicates a favorable interaction.

21

( A ) 2H-MoS2

( B ) 1T-MoS2

( C ) 1T0 -MoS2

F IGURE 15: The initial geometry of each of the MoS2 polytypes with a
pristine surface and water molecularly adsorbed (shown from the a and c
directions)

( A ) 2H-MoS2

( B ) 1T-MoS2

( C ) 1T0 -MoS2

F IGURE 16: The initial geometry of each of the MoS2 polytypes with a
pristine surface and water dissociatively adsorbed (shown from the b and
c directions)
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( A ) 2H-MoS2

( B ) 1T-MoS2

( C ) 1T0 -MoS2

F IGURE 17: The initial geometry of each of the MoS2 polytypes with a
defective (single sulfur vacancy), clean surface (shown from the a and c
directions) Note: There are two S atoms stacked on top of each other in
the pristine 2H phase, but the defective structure is missing the S in the
top layer, as indicated by the red circle shown in 17a

( A ) 2H-MoS2

( B ) 1T-MoS2

( C ) 1T0 -MoS2

F IGURE 18: The initial geometry of each of the MoS2 polytypes with a
defective (single sulfur vacancy) surface with water molecularly adsorbed
(shown from the a and c directions)
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( A ) 2H-MoS2

( B ) 1T-MoS2

( C ) 1T0 -MoS2

F IGURE 19: The initial geometry of each of the MoS2 polytypes with a defective (single sulfur vacancy) surface with water dissociatively adsorbed
(shown from the b and c directions)
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4 Results and Discussion
4.1

Structural Relaxation and Energies
To examine the interaction of MoS2 with water, we considered molecular and

dissociative adsorption of H2 O on their surfaces. We first looked at adsorption on the
pristine MoS2 surface, but since defects have been found in pristine and as-grown
MoS2 [82, 84, 85], and monosulfur vacancies have been shown to be the most stable
defective structures [85], we also considered the same adsorptions on defective MoS2
with a single sulfur vacancy.

4.1.1

Water on Pristine Surface
The relaxed structures for water molecularly and dissociatively adsorbed on

the pristine MoS2 surface are given in figures 20 and 21, respectively. Figures 21
shows that dissociative adsorption on the 2H phase is so unfavorable that H and OH
spontaneously recombine to form molecular water. Figures 20 and 21 both show that
the 2H phase remains undistorted with water adsorbed. While the 1T0 phase
experiences a very slight distortion only with dissociated water, the 1T phase is
visibly perterbed by molecular water and transforms to the 1T0 phase with
dissociated water adsorbed.
The energy of each of these relaxed structures along with their adsorption
energies, calculated using 3.8, are given in table 2. The interaction of water is
strongest with the 1T phase, but it is still less energetically favorable that the 1T0
phase in all cases. Comparing the 2H and 1T0 phases, we see that they have similar
adsorption energies for molecular water. While dissociated water adsorption is
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TABLE 2: The energies of relaxed structures for pristine MoS2
*The 2H structure with dissociated water adsorbed relaxed to molecular
†The 1T structure with dissociated water adsorbed relaxed to 1T0

Polytype

Adsorption Type

Energy (eV)

Adsorption Energy (eV)

2H
1T
1T0
2H
1T
1T0
2H
1T†
1T0

clean
clean
clean
molecular
molecular
molecular
dissociated*
dissociated
dissociated

-348.14
-334.74
-338.24
-363.13
-352.82
-353.21
-363.11
-350.99
-351.90

-0.76
-3.85
-0.74
-0.74
-2.02
0.57

unfavorable on the 1T0 phase, it does not spontaneously transform to molecular
water, so it is still more favorable than on the 2H phase.

4.1.2

Water on Defective Surface
The relaxed structures for water molecularly and dissociatively adsorbed on

the MoS2 surface with a single surface vacancy are given in figures 22 and 23,
respectively. Again, 2H remains undistorted in both cases while the 1T phase
transforms to the 1T0 phase in all cases. The difference between starting with the 1T
phase and starting with the 1T0 phase is that when starting with the 1T phase, there
are not two completely distinct zigzag chains of MoS2 . Instead, the adsorbate ends up
in the middle of one of the zigzag chains which pushes the chain apart.
The energy of each of these relaxed structures along with their adsorption
energies, calculated using 3.8, are given in table 3. The distortion of the zigzag chains
when starting with the 1T phase is less favorable than the undistorted zigzag chains
in the 1T0 phase. We also see that the sulfur vacancy does not have a significant effect
for molecular adsorption, but it makes dissociative adsorption much more favorable.
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( A ) 2H-MoS2

( B ) 1T-MoS2

( C ) 1T0 -MoS2

F IGURE 20: The final geometry of each of the MoS2 polytypes with a pristine surface and water molecularly adsorbed (shown from the a and c
directions)

( A ) 2H-MoS2

( B ) 1T-MoS2

( C ) 1T0 -MoS2

F IGURE 21: The final geometry of each of the MoS2 polytypes with a pristine surface and water dissociatively adsorbed (shown from the b and c
directions)
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TABLE 3: The energies of relaxed structures for defective MoS2
†The 1T structure relaxes to 1T0 in all cases with a vacancy

Polytype

Adsorption Type

Energy (eV)

Adsorption Energy (eV)

2H
1T†
1T0
2H
1T†
1T0
2H
1T†
1T0

clean
clean
clean
molecular
molecular
molecular
dissociated
dissociated
dissociated

-341.44
-332.84
-332.92
-356.29
-347.90
-347.90
-355.70
-348.35
-348.89

-0.61
-0.83
-0.76
-0.03
-1.27
-1.75

Water remains dissociated on the 2H phase, but it is barely favorable. On the 1T0
phase, however, dissociative adsorption is now highly favorable with a sulfur
vacancy.

4.1.3

Individual Adsorption of H and OH on 2H and 1T0
In each circumstance, the 1T phase relaxed to the 1T0 phase, so we moved to

focusing on the 1T0 and 2H phases. To illuminate whether H or OH was dominant in
the adsorption energy, we considered the adsorption energy of each one individually,
as shown in table 4. The adsorption energies show that covalent functionalization of
the MoS2 surface is more favorable on the 1T0 phase in all cases. Moreover, OH
adsorption is much more favorable in all cases than H adsorption.

4.2

Discussion
We observed a much more favorable interaction of adsorbates with the 1T0

phase as opposed to the 2H phase. This is partially due to the partially filled Mo 4d
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( A ) 2H-MoS2

( B ) 1T-MoS2

( C ) 1T0 -MoS2

F IGURE 22: The final geometry of each of the MoS2 polytypes with a defective (single sulfur vacancy) surface with water molecularly adsorbed
(shown from the a and c directions)

( A ) 2H-MoS2

( B ) 1T-MoS2

( C ) 1T0 -MoS2

F IGURE 23: The final geometry of each of the MoS2 polytypes with a defective (single sulfur vacancy) surface with water dissociatively adsorbed
(shown from the b and c directions)
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TABLE 4: The individual adsorption energies of H and OH

Polytype

Adsorbate

Defect?

Adsorption Energy (eV)

2H
1T0
2H
1T0
2H
1T0
2H
1T0

H
H
OH
OH
H
H
OH
OH

No
No
No
No
Yes
Yes
Yes
Yes

-0.13
-1.98
-5.32
-7.38
-0.62
-1.92
-8.92
-9.68

and S 3p states in the 1T0 phase as compared to these states being completely filled in
the 2H phase, as described by Tang, et. al. [91]. Another contributing factor is how
strongly the H adsorbate distorts the wavefunction, as shown in figure 24. The
structure having a sulfur vacancy allows the H atom to more completely expel the
wavefunction, and the metallic 1T0 phase accommodates the wavefunction distortion
much more easily than the semiconducting 2H phase. This behavior could explain
why H is repelled from the sulfur atom in the 2H phase (see fig. 23a) while it remains
on top of the sulfur atom in the 1T0 phase (see fig. 23c).
Comparing the energies for the different adsorption types within the two
polytypes, it is clear that dissociated adsorption is more favorable than molecular
adsorption only on the 1T0 surface with a sulfur vacancy. Moreover, assuming that
the surface is not pristine, the energy difference between the two phases is lowered
from 0.84 eV per MoS2 unit [91] to 0.46 eV per MoS2 unit, which explains the
increased stability of the metallic phase experimentally observed in water [50].
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( A ) Pristine Clean

( B ) Clean with Defect

( C ) Pristine with H

( D ) H with Defect

F IGURE 24: The wavefunction at the top of the valence band for MoS2
with a H adsorbed
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5 Conclusions and Future Work
In summary, we looked at the interaction of 3 polytypes of MoS2 with water:
2H, 1T, and 1T0 . We considered both molecular and dissociative adsorption on both
pristine and defective surfaces. In all cases, the 1T phase consistently transformed to
the 1T0 phase, so it is still not stable. However, when comparing the 1T0 and 2H
phases, we see that the metallic character of the 1T0 phase allows it to more easily
accommodate the strong wavefunction distortion from the adsorbates, especially
from the H atom. This result is consistent with previous theoretical work that showed
that covalent functionalization was more favorable in the 1T0 phase than the 2H
phase [91], although they explained it solely as a result of the half-filled Mo 4d and S
3p states in the 1T0 phase.
Considering all of the energies within each of the polytypes, we have shown
that dissociative adsorption of a water molecule is only favorable on the 1T0 surface
with a sulfur vacancy. This dissociation both increases the hydrophilic nature of the
1T0 phase and explains the enhanced stability of the 1T0 phase in water by decreasing
the energy difference between the 1T0 and 2H phases from 0.27 eV/atom [31] to 0.15
eV/atom. This hydrophilic behavior provides extra advantages in applications like
transistor printing [52], supercapacitors [13, 53, 54], and catalysis [55, 56].
In the future, we would like to consider how the dissociative adsorption
affects not only the energy difference, but also the energy barrier through nudged
elastic band calculations. We would also like to consider how functionalization of the
MoS2 surface with other functional groups could inhibit adsorption of water on the
surface, thereby allowing the resulting hydrophilic/hydrophobic behavior to be
tuned. It would also be interesting to collaborate with experimentalists to compare
the stability of the 1T0 phase in solutions with varying pH because of the calculated
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disparity between H and OH adsorption energies.
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